Background. IMPAACT P1066 is a phase I/II open-label multicenter trial to evaluate pharmacokinetics, safety, tolerability, and efficacy of multiple raltegravir formulations in human immunodeficiency virus (HIV)-infected youth.
Novel, potent, and well-tolerated antiretroviral (ARV) medications in appropriate formulations are acutely needed for pediatric patients of all ages infected with human immunodeficiency virus (HIV), especially for those failing ARV therapy, those with ARV resistance, or those suffering from ARV-related toxicities. Perinatally infected youth are often heavily pretreated and have very limited therapeutic options that can lead to sustained benefit. Raltegravir is the first Food and Drug Administration-and European Medicines Agency-approved HIV integrase strand transfer inhibitor with demonstrated safety and efficacy in HIV type 1 (HIV-1)-infected adults. Raltegravir at a dose of 400 mg twice daily was approved for use in the treatment of HIV infection in adults based on data from 2 phase III studies in treatment-experiencedadults,BlockingIntegraseinTreatment-Experienced Patients with a Novel Compound Against HIV, Merck (BENCHMRK-1) and 2 [1, 2] , and a phase III study in treatment-naive adults (STARTMRK) [3] . Data extending to 240 weeks for these 3 studies are now available and demonstrate both durable efficacy and a favorable long-term safety profile of raltegravir in adults [4, 5] .
The International Maternal Pediatric Adolescent AIDS Clinical Trials (IMPAACT) P1066 study was designed to assess the safety and pharmacokinetics (PK) of raltegravir in HIV-infected children aged 4 weeks to <19 years using 3 different formulations with the goal of determining the appropriate raltegravir dose in age-based subgroups. After dose selection, the study provided additional data on safety, efficacy, and population PK. This report describes findings from subjects aged 2 to <19 years of age who received either the film-coated or chewable tablet formulations.
METHODS
In this open-label, nonrandomized, multicenter study, subjects were enrolled into 3 age groups in 4 cohorts. Cohort I, ≥12 to <19 years and cohort IIA, ≥6 to <12 years, were assigned to receive film-coated tablets, as used in the adult formulation. After protocol amendment, cohort IIB, ≥6 to <12 years and cohort III, ≥2 to <6 years, were assigned to receive investigational chewable tablets. Entry criteria included plasma HIV RNA >1000 copies/mL, being ARV-experienced but naive to integrase inhibitors, laboratory values below grade 3 toxicity criteria, and absence of active opportunistic infection or current cancer. The study was conducted at both IMPAACT Network sites in the U.S., South Africa, Botswana, and Brazil after approvals were obtained from local institutional review boards and in-country ethics committees responsible for oversight of the study. Forty sites enrolled at least 1 subject.
The study was conducted in 2 stages. Stage I evaluated intensive PK and short-term safety. Raltegravir was added to a stable, failing regimen (defined as unchanged for ≥12 weeks). Immediately after completing the intensive PK sampling on days 7-12, the background ARV regimen was optimized. Alternatively, subjects who were treatment experienced but off treatment for ≥4 weeks prior to entry could be enrolled with a new optimized background regimen added to raltegravir after completion of intensive PK sampling. Stage II, which enrolled a separate group of subjects, assessed longer-term safety and efficacy of the selected dose. For subjects enrolling in stage II, background antiviral therapy was optimized with initiation of raltegravir.
The dose-finding algorithm for each cohort included review of week 4 safety and intensive PK, and required assessment of the first 4 subjects ("mini-cohort"). Once a mini-cohort met both the safety and PK criteria, further accrual to complete the full cohort could occur. Success, for safety, was defined as (1) no lifethreatening suspected adverse drug reaction; (2) no grade 4 event considered probably or definitely attributable to raltegravir; and (3) no more than 25% terminating study treatment due to a grade 3 suspected adverse drug reaction. The PK objective was to achieve a PK profile similar to that attained in adults at the approved raltegravir dose of 400 mg twice daily. The specific PK targets included the geometric mean of the area under the curve (AUC 0-12 hours ) between 14 and 25 µM*hour and a geometric mean 12-hour postdose concentration (C 12 hours ) exceeding 33 nM, which corresponds to the in vitro concentration at which 95% of virologic replication is inhibited for antiviral activity. Dose selection in each full cohort occurred after all intensive PK data and at least 4 weeks of safety data were available. In addition, sparse PK sampling was done at intervals until week 48.
Long-term safety was assessed at 24 weeks (primary) and at 48 weeks in all treated subjects. Sites were required to report all grade ≥3 toxicity events, International Conference on Harmonization serious adverse events, malignancies, and pregnancies to the P1066 team and study sponsor (Division of AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health). All subjects completed an adherence questionnaire, and site personnel collected and counted the returned raltegravir tablets to determine missed doses. A taste assessment for the chewable tablets was administered to cohorts IIB and III subjects either at week 4 or at an earlier discontinuation visit, if applicable.
Plasma HIV RNA (RNA) concentrations were determined at entry and at regular intervals using the HIV-1 MONITOR Test, version 1.5 (Roche Molecular Diagnostics) or RealTime HIV-1 (Abbott Molecular). Emergence of resistant virus from all subjects displaying virologic failure was monitored by isolating viral RNA from baseline and time of failure, provided plasma RNA was >1000 copies/mL and adequate sample was available, by performing genotypic and phenotypic assays for integrase, protease, and reverse transcriptase resistance. In subjects with virologic failure after 6 months of treatment, plasma specimens with RNA >1000 copies/mL were tested for HIV drug resistance in the polymerase gene encoding protease and reverse transcriptase using the TRUGENE HIV-1 Genotyping Assay (Siemens) and RNA extracted from 140 µL of plasma (QIAamp Viral RNA Mini Kit, Qiagen), following the manufacturer's instructions, and integrase using the PhenoSense and GeneSeq for Integrase (Monogram Biosciences).
Bioanalysis and Pharmacokinetics
Raltegravir plasma concentrations were measured at the University of Alabama at Birmingham using a validated, isocratic, reverse-phase high-performance liquid chromatography/ tandem mass spectrometry method consistent with those previously published [6, 7] . The linear calibration range was 10 to 10 000 ng/mL from a 200-µL plasma sample. Whole blood was collected at time 0 ( pre-dose) and at 0. 5, 1, 2, 3, 4, 6, 8, and 12 hours postdosing. Raltegravir pharmacokinetic parameters were calculated using standard noncompartmental analysis in WinNonlin (Version 5.3, Pharsight Corp, Mountain View, California) .
Statistics
The primary analysis group for safety and efficacy was subjects treated with only the final selected dose of raltegravir (FD population), whether enrolled in stage I or II. These results reflect the age-specific doses now approved for commercial use. A secondary set of analyses included the all-treated population (subjects who received any dose of raltegravir during stage I); these analyses are not presented unless specifically noted.
Safety and efficacy results of week 24 and 48 data ( primary and key secondary time-points) from cohorts I, IIA, IIB, and III subjects are presented. By the data freeze date (7 February 2013) , all subjects enrolled had been on study for >48 weeks. Efficacy responses were secondary objectives. The primary virologic outcome, virologic success, was defined as achieving either plasma RNA <400 copies/mL or ≥1 log 10 reduction from baseline at week 24. The secondary efficacy objectives included the proportion achieving RNA <50 copies/mL, RNA <400 copies/mL, and the change from baseline in CD4 cell count and percentage at week 24 and 48 time-points. An observed failure approach was used for handling missing data. For virologic endpoints, missing values were considered to be failures, if missing due to discontinuation of study treatment for lack of efficacy or for non-treatment-related reasons with the last available RNA value not achieving virologic success. For change from baseline in CD4 cell count and percentage, baseline values were carried forward for missing data as described above.
Other missing values were excluded. Virologic failure was defined as follows: (1) nonresponder-never achieved either a ≥1 log 10 drop from baseline in RNA or RNA <400 copies/mL through week 24; or (2) virologic rebound at week 24 or later-(a) confirmed RNA ≥400 copies/mL after initial response with RNA <400 copies/mL, or (b) confirmed >1.0 log 10 increase in RNA above nadir; confirmation required 2 consecutive measurements at least 1 week apart.
RESULTS

Enrollment and Disposition
Of the 126 subjects enrolled (Figure 1 ), 16 subjects discontinued therapy by week 48, 13 of whom were from cohort I. Treatment discontinuation was often associated with poor adherence and virologic failure. Twelve of the 16 subjects (75%) enrolled on cohort IIA received other doses of raltegravir before the final dose was selected.
Demographics
In all, 126 subjects were treated with raltegravir (all-treated population); of these, 96 received the final selected dose (FD) ( Table 1 ). The FD population (Table 1) was 49% male; 60% were black and 59% carried a Centers for Disease Control and Prevention (CDC) category B or C disease classification. At baseline, 86% had plasma HIV-1 RNA >4000 copies/mL; mean CD4 count and CD4 percentage were 592 cells/µL and 23%, respectively, and 66.7% had prior experience with at least 3 ARV Figure 1 . Overall disposition of patients. Patients were enrolled in only 1 cohort. † Received only the final recommended dose of raltegravir. *Patient was on study drug to at least Study Day 295. **Disposition is provided for all treated patients based on patient status at the week 48 study visit. In some instances, patients discontinued after Study Day 295 but prior to or at the week 48 study visit and so the number of patients discontinued by week 48 is higher than expected based on the number completed at week 48. classes. Adolescents had the greatest prior treatment experience (mean, 9 prior ARVs), and more advanced HIV-1 disease than younger subjects, with >75% having CDC category B or C classification. Fourteen stage I subjects entered the study having failed a prior treatment regimen and on no current ARVs. These subjects received raltegravir monotherapy until after intensive PK sampling, when an optimized background was added. The most common concomitant ARVs were tenofovir (47.9%), ritonavir (as booster, 49%), lamivudine (41.7%), lopinavir/ritonavir (40.6%), and darunavir (39.6%). Nonnucleoside reverse transcriptase inhibitor use was less common (efavirenz, 13.5%; etravirine, 21.9%). There were few differences across cohorts.
Intensive Pharmacokinetics and Dose Selection
All dose adjustments and decisions were based entirely on PK results; there were no instances in which either the mini-cohort or full cohort dose failed safety criteria. When the geometric mean AUC 0-12 hours for a mini-cohort or a full cohort did not meet the PK target, the raltegravir dose was adjusted. A few children (n = 3, cohort 1 only) received individualized dosing higher than the dose selected for the cohort based on protocolspecified PK parameters; no adverse events were associated with this individualized dosing. A dose of 400 mg twice daily of the film-coated tablet was selected for children aged ≥6 years and weighing at least 25 kg. Weight-based dosing of approximately 6 mg/kg twice daily (maximum 300 mg per dose) of the chewable tablet formulation was selected for children 2 to <12 years of age (Tables 2 and 3, Figure 2 ).
Safety and Adverse Events
Raltegravir, in either formulation, was well tolerated. The 96 FD subjects included 63 receiving the film-coated tablet and 33 receiving the chewable tablets. Including all adverse events reported up to week 48 in the FD population, there were 84 subjects with clinical events and 85 subjects with laboratory events (Table 4) , including 14 subjects with serious clinical events and 1 subject with serious laboratory events. Of the serious adverse events, 2 clinical events in 1 subject (rash [day 17] and druginduced liver injury [day 141]) were judged by the investigator to be drug related; neither resulted in treatment interruption. Grade 3 or higher clinical adverse events were reported in 15 subjects including 1 subject who on day 41 had the following concurrent 3 drug-related events: psychomotor hyperactivity, abnormal behavior, and insomnia. Grade 3 or higher laboratory adverse events were reported in 16 subjects, including 1 subject with drug-related events of increased alanine aminotransferase and aspartate aminotransferase (multiple reports starting at day 122), which is the same subject noted above with the serious clinical event of drug-induced liver injury. There were no treatment-related discontinuations or deaths in the study through week 48. 
Efficacy
Virologic success, defined as plasma HIV-1 RNA <400 copies/ mL or >1 log 10 decline from baseline at week 24, among the 96 FD subjects was 71.6%, with 53.7% having RNA of <50 copies/ mL. At week 48, the success rate was 79.1%, with 57.1% having RNA of <50 copies/mL ( Table 5 ). Efficacy results were consistent across the age cohorts, irrespective of the formulation used, although formal comparisons were not performed. Mean increases from baseline in CD4 cells (%) were 119.0 cells/µL (3.8%) at week 24 and 155.7 cells/µL (4.6%) at week 48. Additional subgroup analyses were explored to examine factors predicting virologic success; however, modest sample sizes of subgroups precluded making firm conclusions.
Antiretroviral Drug Resistance
Of 36 subjects with virologic failure (either as rebound or nonresponder) by week 48, 34 had on-treatment genotypic data: 12 (35.3%) displayed primary raltegravir signature resistance mutations (amino acid numbers 143, 148, and 155), 2 (5.9%) had other mutations known to confer raltegravir resistance, and 20 (58.8%) did not have genotypes associated with reported raltegravir resistance (ie, wild-type codons). At baseline, among the 36 viral failure subjects, 25 had no raltegravir resistance noted, 3 had either T97A or L74I mutations noted, and data on 8 are lacking. Of those 8 subjects lacking baseline data, by week 48, 3 developed signature raltegravir resistance mutations, whereas 5 continued to have wild-type virus. Among the 2 subjects with other secondary raltegravir resistance mutations, 1 subject had L74I mutation at baseline and at failure and 1 subject had T97A mutation at baseline and L74L/M and T97A mutations at failure. Although these secondary mutations were reported as resistant to raltegravir, these mutations alone are not known to confer clinically significant resistance to raltegravir.
Palatability
At least 1 taste assessment was collected for 41 patients who received the chewable tablet formulation, with 54% of the assessments provided by the participant and 39% provided by the primary caregiver. In 73% of evaluations no problems were reported taking the chewable tablet; 61% reported average or better overall taste.
Adherence
Adherence to ARV treatment was calculated based on data from all treated subjects, but data were not available for each patient or time-point on treatment. Overall, 19% of the patients reported 100% adherence, and 52% were >90% adherent. (55) Abbreviations: AUC 0-12 h , area under the concentration-time curve from 0 to 12 hours postdose; BID, twice daily; C 12 h , concentration at 12 hours postdose; CV%, percent coefficient of variation. a No. of patients with intensive pharmacokinetic (PK) results at the final recommended dose.
b Cohort I patients received approximately 8 mg/kg dose at time of intensive PK which met PK and safety targets. Based on review of the individual profiles and receipt of a mean dose of 390 mg, the team selected 400 mg BID as the recommended dose for this age group. Patients receiving a dose other than 400 mg BID were switched; no repeat PK was performed. Figure 2 . Raltegravir geometric mean concentration-time results by cohort. Cohort I, triangles; cohort IIA, squares; cohort IIB, circles; cohort III, diamonds.
Across cohorts, 5.6% of cohort I, none of cohort IIA, 5.6% of cohort IIB, and none of cohort III had adherence <70%. Of note, among the 36 patients with virologic failure, 19 (53%) had at least 1 population (sparse) PK sample below the assay limit of quantitation (BLOQ), and 10 (28%) had ≥2 BLOQ PK samples, suggesting likely nonadherence. Furthermore, of the 20 virologic failure patients who had available genotyping data but no raltegravir resistance mutations, 6 (30%) had 1 BLOQ PK sample and 9 others (45%) had ≥2 BLOQ PK samples.
DISCUSSION
Since the earliest stages of the HIV epidemic, drug development for HIV-infected pediatric populations has lagged behind approvals for adult populations. This has been due, in part, to many challenges inherent in pediatric drug development. These include the need for palatable formulations across different age groups, investigations for formulation-dependent toxicities, definition of PK parameters that may be affected by age-related metabolism, and development of simple weight-band dosing schedules. In this prospective, dose-finding PK, safety, and efficacy study across a defined pediatric age range, we report data in HIV-infected treatment-experienced children 2 to <19 years of age. For the pediatric development of raltegravir, IMPAACT P1066 employed a novel study design where PK and safety information from a small number of participants in each age cohort were rapidly evaluated and allowed decisions about expanding the cohort and opening the subsequent younger cohort. This adaptive design allowed the efficient development of raltegravir, sequentially transitioning to younger cohorts and complete parallel analysis of multiple cohorts, resulting in regulatory approval of this ARV for pediatric populations ≥2 years of age, while this study was ongoing in infants and toddlers 4 weeks to <2 years of age. Although a limitation of this study was the small sample size of each cohort, decisions made by the mini-cohort PK and safety assessment were confirmed by analysis of the full stage 1 cohort data and supported by the additional long-term safety, tolerance, and efficacy data collected after dose selection in stages I and II. Note that the study was not designed to compare results between cohorts. A final dose of 400 mg twice daily of the film-coated tablet for children aged ≥6 years and at least 25 kg was chosen, along with a weight-based dose of 6 mg/kg twice daily (maximum of 300 mg per dose) of the chewable tablet formulation for children 2 to <12 years of age. This study establishes that raltegravir, in combination with an optimized background regimen in these ARV-experienced children, has both an excellent safety and efficacy profile. Consistent with observations in adults, raltegravir demonstrated a rapid onset of ARV effect, with more than half of treated subjects achieving an RNA level of <50 copies/mL by 24 weeks. Raltegravir demonstrated consistent efficacy across age cohorts and for both formulations studied, with 79% of all subjects reaching either a 1 log 10 drop from baseline or <400 copies/mL at 48 weeks. Overall, raltegravir was well tolerated in these children and adolescents. Although adverse events overall were common, very few grade 3/4 or serious adverse events were considered drugrelated, and none led to raltegravir discontinuation.
Regulatory approval for children of novel ARV agents with demonstrated safety and efficacy in adult populations is supported 
Clinical adverse events
With ≥1 serious drug-related a clinical adverse events 0 (0) 0 (0) 0 (0) 1 (5) 1 (1) With ≥1 serious clinical adverse events 10 (16.9) 0 (0) 2 (15.4) 2 (10) 14 (14.6) With ≥1 grade 3 or higher drug-related a clinical adverse events 1 (1.7) 0 (0) 0 (0) 0 (0) 1 (1) With ≥1 grade 3 or higher clinical adverse events 10 (16.9) 0 (0) 2 (15.4) 3 (15) 15 (15.6) With no clinical adverse event 6 (10.2) 0 (0) 2 (15.4) 4 (20) 12 (12.5) Discontinued due to an adverse event (clinical or laboratory) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) Laboratory adverse events With ≥1 serious drug-related a laboratory adverse events 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) With ≥1 serious laboratory adverse events 1 (1.7) 0 (0) 0 (0) 0 (0) 1 (1) With ≥1 grade 3 or higher drug-related a laboratory adverse events 0 (0) 0 (0) 0 (0) 1 (5) 1 (1) With ≥1 Observed failure approach for handling missing data: for binary endpoints, missing values were considered as failures for patients missing data due to discontinuation of study treatment for lack of efficacy or for non-treatment-related reasons with last available HIV RNA value <1 log 10 drop from baseline and ≥400 copies/mL; otherwise patients with missing values were excluded. For continuous endpoints (eg, change from baseline in CD4 cell counts and percent), baseline values were carried forward for patients missing data due to discontinuation of study treatment for lack of efficacy or for non-treatment-related reasons with last available HIV RNA value <1 log 10 drop from baseline and ≥400 copies/mL; otherwise patients with missing values were excluded.
Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus.
by open-label noncomparative studies designed to determine the dose and safety across the spectrum of pediatric developmental stages. Many of these trials have a design similar to our study reported here: test drug plus optimized background, and inclusion criteria for ARV experienced subjects failing their current regimen. Similar to our study, a recent study of darunavir/ritonavir in treatment-experienced HIV-infected children aged ≥6 years showed 59% of subjects with HIV-1 RNA <400 copies/mL at 48 weeks [8] . In a study comparing low-dose to high-dose tipranavir (plus ritonavir) at 48 weeks, 39.7% low-dose and 45.6% high-dose tipranavir/ritonavir recipients had a viral load <400 copies/mL [9] . Overall, efficacy in our study (at 48 weeks) was higher with 74% of subjects achieving viral loads <400 copies/ mL, and 79% reaching protocol-defined success.
Of the 34 subjects who experienced virologic failure and for whom resistance data are available, resistance due to raltegravir was noted in 35%, and raltegravir was frequently undetectable in sparse PK samples. Given deficiencies in adherence, it is possible that in this highly ARV-experienced group, incomplete adherence leading to suboptimal drug plasma concentrations and not treatment potency was responsible for the poor response and selection of resistance. Because of the substantial amount of missing adherence data, these results should be interpreted with caution, but suggest that attention to adherence may result in viral suppression even if ARVs are recycled. Two polymorphisms, L74I/L/M and T97A, when detected alone do not confer phenotypic resistance to raltegravir. However, L74I can enhance resistance conferred by signature resistance mutations, and viruses bearing both L74M and T97A have reduced susceptibility to raltegravir.
These results establish that raltegravir given in age-appropriate formulations is safe, well tolerated, and has favorable antiretroviral and immunological effects in HIV-1-infected ARVexperienced children aged 2 to <19 years. As the first approved HIV integrase inhibitor, raltegravir is an important addition to the HIV treatment armamentarium for children and adolescents.
Notes
